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MODELING RESILIENCE AND SUSTAINABILITY IN
ANCIENT AGRICULTURAL SYSTEMS
John M. Marston1
The reasons why people adopt unsustainable agricultural practices, and the ultimate environmental
implications of those practices, remain incompletely understood in the present world. Archaeology, however,
offers unique datasets on coincident cultural and ecological change, and their social and environmental effects.
This article applies concepts derived from ecological resilience thinking to assess the sustainability of
agricultural practices as a result of long-term interactions between political, economic, and environmental
systems. Using the urban center of Gordion, in central Turkey, as a case study, it is possible to identify
mismatched social and ecological processes on temporal, spatial, and organizational scales, which help to resolve
thresholds of resilience. Results of this analysis implicate temporal and spatial mismatches as a cause for local
environmental degradation, and increasing extralocal economic pressures as an ultimate cause for the adoption
of unsustainable land-use practices. This analysis suggests that a research approach that integrates
environmental archaeology with a resilience perspective has considerable potential for explicating regional
patterns of agricultural change and environmental degradation in the past.
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Introduction
The sustainability of agricultural systems is a key issue for contemporary
societies, especially in the context of ongoing anthropogenic climate change.
Food security and equity depend ultimately on agricultural production and
reliable harvests worldwide. While the sustainability of many human relation-
ships with natural environments has come to the forefront of scientific inquiry in
recent years (Barnosky et al. 2012; Jackson et al. 2001; Liu et al. 2007b; Westley
et al. 2011), the field of ethnobiology has addressed such topics for the past
century (Hunn 2007). Concern for agricultural sustainability extends into the
study of the human past as well, with historians (Gallant 1991; Garnsey 1999) and
archaeologists (Butzer 1982; Childe 1934; Cooke 1931) looking to ecological
explanations for the rise, and potential collapse, of societies (Fisher et al. 2009;
McAnany and Yoffee 2010a; Smith 2006; Tainter 1988).
Resilience thinking, also termed resilience theory or the theory of adaptive
change, is a body of heuristic theory that originated in ecology. Resilience
thinking attempts to understand how and why change occurs in complex
adaptive systems, whether they be ecological, social, or linked social-ecological
systems (Gunderson and Holling 2002; Holling 1973; Miller et al. 2010; Walker
and Salt 2006). Archaeologists have applied this theoretical approach only
sparingly, focusing mainly on the durability and collapse of societies (Butzer and
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Endfield 2012; Hegmon et al. 2008; Redman 2005; Redman and Kinzig 2003;
Redman et al. 2009) but recently also on foraging and agricultural systems
(Anderies and Hegmon 2011; Peeples et al. 2006; Rosen and Rivera-Collazo 2012).
The value of resilience thinking for the study of agricultural sustainability lies in
its flexible application to both social and ecological systems over multiple scales
and its emphasis on processes of cause and effect.
In this article, I argue that a resilience approach to agricultural sustainability
shifts our focus to concepts of spatial, temporal, and organizational scale that
underlie social and environmental change and the causal relationships between
the two. In studying the material past, it can be difficult to identify the causal
relationships among social and economic change, herding and agricultural
strategies, and environmental change. While social change clearly influences
agricultural practices, the processes by which changes in the social realm lead to
specific agricultural choices rather than others are generally not clear. Using the
ancient city of Gordion in central Turkey as a case study for 2000 years of linked
social and environmental change, I illustrate how resilience thinking offers
a framework for exploring the processes by which incompatible scales of
interaction (mismatches) and particular moments (thresholds) lead to unsustain-
able outcomes that affect future populations (legacy effects): such processes may
not be evident using other modes of archaeological inquiry. I conclude that
thresholds deserve particular attention from archaeologists, who have access to
unique data that identify when abrupt transformations occurred and who can
explore the factors that contributed to those thresholds being crossed.
Agricultural Sustainability and Resilience
The archaeological investigation of agriculture has a long history, including
the analysis of both plant (Ford 1979; Helbaek 1969; Hillman 1981; Renfrew 1973;
van Zeist and Casparie 1984; van Zeist et al. 1991) and animal (Bar-Yosef and
Meadow 1995; Clutton-Brock 1989; Ucko and Dimbleby 1969; Zeder 1991)
components of subsistence systems. Archaeology is especially well suited to
explore the sustainability of agriculture due to several distinct advantages over
other methods of inquiry. The first is the time depth of archaeology, which allows
scholars to ascertain both the short-term (years to decades) and long-term
(centuries to millennia) impacts of specific agricultural practices on environments
and economies (e.g., Hastorf 1990; Miller 2010; Piperno and Pearsall 1998; van der
Veen 1992). Second, archaeology is inherently interdisciplinary and uses multiple
lines of evidence to reconstruct diet, agricultural strategies, and human impacts
on environments, producing stronger interpretive arguments than those based
solely on a single type of evidence (Fisher et al. 2009; Flannery 1986; Redman
1999; Tainter 1977, 1988). Third, archaeology is a discipline of materiality:
archaeological methods investigate the material remnants of agricultural systems
directly within their contemporary cultural contexts so that the study of
coincident cultural and environmental change is the default approach, in
contrast to the divorce between ecological and sociological data and attendant
analytical methods used to study this question in the present day (cf. Folke et al.
2004; Folke et al. 2005; Holling et al. 2002a; Liu et al. 2007b). Finally, archaeology
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operates across multiple spatial and organizational scales (Redman 2005), using
methods ranging from within-site excavation to regional survey, remote sensing,
and synthesis of these various results (e.g., Casana 2014; Colledge et al. 2004;
Menze and Ur 2012; Riehl 2009; Riehl et al. 2014).
A critical limitation, however, of the archaeological study of agricultural
sustainability lies in the difficulty in establishing causal relationships among
observed patterns of cultural, economic, climatic, and landscape change. While
finely resolved chronological sequences of environmental and agricultural
change can suggest directions of causality (i.e., if one event occurs prior to the
other it is more likely to be a cause than an effect), archaeologists often face
essentially synchronic datasets due to the error inherent in absolute dating and
ambiguities of ceramic chronologies. Debates about the reasons behind social and
ecological collapse focus on divergent narratives regarding cause and effect (e.g.,
Diamond 2005; Hunt and Lipo 2010; McAnany and Yoffee 2010a; Tainter 1988,
2006), as do arguments about the role of climate change in demographic, political,
and economic transitions (e.g., Jones et al. 1999; Rosen 2007; Weiss et al. 1993;
Zhang et al. 2008).
Resilience thinking offers a theoretical approach to disentangle cause and
effect between the social and ecological realms and across temporal, spatial, and
organizational scales, and thus to clarify why sustainable or unsustainable
agricultural systems may have been adopted. Resilience thinking can help
explain how and why social change happens within an environmental setting
and provides a framework for cross-cultural comparison of case studies from
different times and places, going beyond simple narratives of political (Tainter
1988) and environmental collapse (Diamond 2005) to explore deep histories of
human occupation across time and space (Hegmon et al. 2008; McAnany and
Yoffee 2010b; Nelson et al. 2012; Redman and Kinzig 2003). Several volumes
(e.g., Gunderson and Holling 2002; Gunderson et al. 2009; Walker and Salt 2006)
and multiple case studies (see especially the journal Ecology and Society, formerly
Conservation Ecology) have defined the core tenets of resilience thinking and
applied them to a variety of ecological and human case studies, and I refer the
reader there for further inquiry.
The applications of resilience thinking in archaeology to date have focused
primarily on the concept of the adaptive cycle, a general model for cycles of
growth and decline (Holling and Gunderson 2002). However, the adaptive cycle
has found only limited use by archaeologists to model change in linked cultural
and ecological systems (see Peeples et al. 2006; Redman and Kinzig 2003; Rosen
and Rivera-Collazo 2012). I argue that a broader application of resilience thinking
in archaeology is possible by focusing instead on a core concern of resilience
thinking that for decades has been a focus of archaeologists from many
theoretical perspectives: temporal, spatial, and organizational scale.
Scale and its Effects in Adaptive Systems
The study of agricultural systems and their sustainability can benefit from
a resilience perspective on the role of scale and of interactions across scales and
between human societies and their surrounding environments. Cross-scalar
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effects arising from interactions across temporal, spatial, and organizational
scales are among the most revealing of how social and ecological systems interact
(Cumming et al. 2006; Liu et al. 2007a; Liu et al. 2007b; Walker et al. 2012). In
particular, three classes of scalar effects warrant investigation for the study of
human-mediated environmental change in the past: mismatches, thresholds, and
legacy effects.
Mismatches include a subset of interactions between variables operating on
different scales, either within or between social and ecological systems, e.g., fast
and slow processes within a system, such as the relationship between predation
rate on a species and the birth rate of that species, or organizational hierarchies
misaligned with the spatial distribution of a managed resource. In particular,
mismatches occur when variables “are aligned in such a way that one or
more functions of the social-ecological system are disrupted, inefficiencies occur,
and/or important components of the system are lost” (Cumming et al. 2006:3).
Such mismatches may lead to systemic changes of varying degrees, from species
extinctions to deforestation (Liu et al. 2007b). In agropastoral systems,
mismatches between water supply and crop growth, or between herd animal
grazing intensity and grass regrowth, may result in significant limitations on
agricultural productivity.
Thresholds are tipping points in a system where a small change that crosses
a threshold value leads to a substantial subsequent change, perhaps to an
alternative stable state or potentially from one phase of an adaptive cycle to the
next (Scheffer 2009). One example much discussed today is the impact on global
temperature of an ice-free Arctic Sea. Such tipping points are rarely obvious
when approached or even when first crossed, but they are often evident in
retrospect and frequently arise from mismatches or cross-scalar interactions
between variables (Barnosky et al. 2012; Rockstrom et al. 2009; Scheffer and
Carpenter 2003; Walker and Meyers 2004), although perhaps not at a global scale
(Brook et al. 2013).
In contrast, legacy effects, the results of past human-environmental in-
teraction on the current state of a region, are often readily evident. Legacy effects,
such as soil salinization, deforestation, or massive overfishing, are slow to change
and potentially irreversible, and pose constraints on future ecosystems and
societies (Butzer 1982:258; Jackson et al. 2001; Liu et al. 2007a; Scheffer and
Carpenter 2003). Such constraints may even create “poverty traps,” in which the
impoverished state departs from the adaptive cycle entirely and leads to
complete, and likely irreversible, social or ecological change; desertification and
soil loss in periglacial regions are ready examples (Holling 2001:400-401; Holling
et al. 2002b:95-96). Poverty traps are thankfully rare, but legacy effects can persist
for centuries or millennia and have a major impact on decision making for
subsequent inhabitants of a region, rendering an understanding of the past of
great value in addressing present-day environmental concerns.
In the case study of Gordion that follows, I focus on the identification of
mismatches and thresholds that led to the adoption of unsustainable agricultural
strategies, and on the legacy effects resulting from those practices. This resilience
perspective highlights causal forces that have not been evident using other
analytical approaches, resulting in a better understanding of processes of social
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and environmental change in the region and providing data that are more useful
for cross-cultural comparison.
History, Biogeography, and Climate of Gordion
The ancient city of Gordion in central Anatolia, modern Turkey, represents
a long-lived urban center that lies between the Mediterranean and Near Eastern
worlds and engaged with many cultural and economic influences throughout its
history. Years of interdisciplinary investigation into agricultural systems and
environmental change at Gordion, using botanical (Marston 2012; Miller 2010)
and faunal (Miller et al. 2009; Zeder and Arter 1994) remains from the site, as well
as regional geomorphological and archaeological survey (Kealhofer 2005; Marsh
1999, 2005; Marsh and Kealhofer 2014), provide rich datasets on human-
environmental interaction to explore from a resilience perspective.
Deposits and structures at Gordion were dated using the Yassıho¨yu¨k
Stratigraphic Sequence (YHSS), which is based on ceramic chronology from
well-stratified deposits and targeted radiocarbon and dendrochronological dating
(Rose and Darbyshire 2011; Voigt 1994; Table 1). Gordion was occupied from
at least the Early Bronze Age (before 2000 BCE) through the Medieval period
(thirteenth to fourteenth centuries CE), with only limited periods of intermittent
abandonment prior to the Roman period, followed by a longer hiatus prior to
Medieval resettlement (Voigt 2011). The site grew tremendously in size,
population, and wealth as the capital of the Phrygian kingdom from 900-550
BCE. During this period, rulers at Gordion controlled the entirety of the Anatolian
plateau, including areas of the highlands 400 km to the east (Roller 2011).
Gordion lies along the Sakarya River, with access within a 20 km radius to
broad alluvial floodplains, dry upland plateaus to the south and west, and
forested hills and mountains to the north and west (Figure 1). The vegetation of
this region is characterized as “steppe woodland,” with elevations below 1000
meters above sea level (masl) that are characterized by perennial grasses and
highly diverse herbaceous vegetation communities. Increasing densities of trees
appear at higher elevations, with open woodlands around 1000 masl and canopy
forest above 1200-1400 masl (Miller 2010; Zohary 1973; Figure 1). Geological
sections and a reconstruction of the alluvial history of the Sakarya indicate that
significant erosion postdates substantial human settlement of Gordion and
suggest deforestation and overgrazing as probable causes for this erosion (Marsh
1999, 2005; Marsh and Kealhofer 2014).
The region of Gordion today is characterized by a continental, semiarid
climate with rainfall mainly restricted to spring rains and winter snow (Atalay
1997; T.C. Meteoroloji Genel Mu¨du¨rlu¨g˘u¨ 2013). Annual rainfall over the past 80
years averages less than 350 mm; dry years are marginal for non-irrigated cereal
agriculture (Marston 2010). Regional paleoclimatic reconstructions for central
Anatolia indicate changes in temperature and precipitation during the
occupation period of the site (Figure 2a). A significant period of aridity beginning
perhaps as early as 1300 BCE (Eastwood et al. 2007; Kuzucuog˘lu et al. 2011) and
certainly by 1100 BCE (Roberts et al. 2011a; Roberts et al. 2011b) may have
contributed to the dissolution of the Hittite Empire during the Late Bronze Age,
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affecting Hittite control of Gordion. The first millennium BCE appears to have
been a period of fluctuating wet and dry periods, but such changes are not well
correlated temporally within or between regions. Available data indicate relative
aridity during the Iron Age and Hellenistic periods across the eastern
Mediterranean, albeit with substantial local climatic variation in the intensity
and timing of climatic shifts (Allcock 2013; Kuzucuog˘lu et al. 2011; Wick et al.
2003). Humid conditions began in the Roman period and appear to have
continued through roughly 1400 CE, after occupation had ended at Gordion
Figure 1. Map of the Gordion region depicting modern woodland distribution. Non-forested areas are
steppe/grazing lands or under cultivation.
Table 1. The chronology of Gordion. Samples are grouped by periods for analytical convenience,
although some can be dated more precisely to subphases within periods; a few deposits were
precisely dated by radiocarbon analysis. Dates follow Marston 2012, after Voigt 2011.
YHSS phase Period name Approximate dates
1 Medieval 13th-14th cent. CE
- Abandonment 4th-13th cent. CE
2 Roman 1st cent. BCE –4th cent. CE
3 Hellenistic 330–100 BCE
4 Achaemenid Persian 540–330 BCE
5 Middle Phrygian 800–540 BCE
6 Early Phrygian 900–800 BCE
7 Early Iron Age 1100–900 BCE
8/9 Late Bronze Age 1400–1200 BCE
10 Middle Bronze Age 1600-1400 BCE
590 MARSTON Vol. 35, No. 3
Figure 2. The environmental, agricultural, and settlement histories of Gordion. Samples are grouped
by periods for analytical convenience and are placed at the midpoint of their period, except for erosion
data where bars represent radiocarbon date error ranges. Nothing is known about agriculture or
urban site size during the Middle Bronze Age from excavations to date. Site chronology follows
Table 1; paleoclimate reconstruction (a) based on the consensus of multiple sources (described further
in text); urban site size data (b, black bars) estimated from Voigt 2002; rural settlement density
(b, white bars) from Kealhofer 2005:141; agricultural data (c, d) from Marston and Miller 2014:767;
erosion data (e) for the alluviation of the Sakarya River from Marsh 2005:169.
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(Bakker et al. 2012; Dean et al. 2013; Jones et al. 2006; Kuzucuog˘lu et al. 2011;
Woodbridge and Roberts 2011).
Agricultural and Environmental Change at Gordion
Prior research at Gordion includes the analysis of 452 flotation samples,
averaging roughly 10 L of soil each, which yielded more than 90,000 carbonized
seeds (Marston 2010; Miller 2010) and nearly 115,000 animal bones that were
recovered by hand and from screened soils during excavation (Zeder and Arter
1994). These data demonstrate continuity in diet over time, with the cereals bread
wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) as the primary crops
and sheep (Ovis aries L.) and goats (Capra hircus L.) as the most common sources
of meat in the diet throughout Gordion’s history, although hard wheat (Triticum
turgidum subsp. durum [Desf.] Husn.), lentils (Lens culinaris Medik.), bitter vetch
(Vicia ervilia [L.] Willd.), cattle (Bos taurus L.), and pigs (Sus scrofa L.) also were
significant foods (Miller 2010; Miller et al. 2009; Zeder and Arter 1994). What
changes over time, however, are agricultural strategies and the balance between
farming and herding. Agricultural strategies can be reconstructed through the
recovery and analysis of charred botanical remains that are the product of
repeated actions of daily practice related to crop processing and food preparation
(Jones et al. 1999; van der Veen 2007). Simple statistics and integrated analysis of
plant and animal remains allow for interpretation of entire agropastoral systems
(Marston 2014; Smith and Miller 2009; VanDerwarker 2010; VanDerwarker and
Peres 2010).
I have suggested that changes in cereal and pulse choice over time have
implications for agricultural risk (Marston 2011). In particular, an emphasis on
free-threshing bread and hard wheat, which require relatively more water than
hulled barley, is a risky agricultural strategy in the drier regions of the Near East
(Riehl 2009:98). This analysis suggests that the population that occupied this
region during the Roman (YHSS 2) period adopted the riskiest agricultural
practices (Figure 2c). Perhaps not coincidentally, this period represents the
regional population maximum for the Gordion region (Kealhofer 2005; Figure 2b).
Pastoral practice can be reconstructed from animal bones, which can indicate
herd structure and management strategies as well as butchery and meat
consumption patterns (Arbuckle 2012; Arbuckle et al. 2009; Reitz and Wing 2008;
Zeder 1991). Unfortunately, while preliminary species identifications are
complete from all periods of occupation at Gordion except for the Roman period
(Zeder and Arter 1994), more detailed data on age and sex structure of herds and
the change in herd structure over time are not yet available. The ecological
impacts of animal grazing, however, are evident in seeds derived from animal
dung burned as fuel. A ratio, derived from more than a decade of comparative
plant survey in the Gordion region (Marston 2012:393-394), that compares the
seeds of plants characteristic of healthy, ungrazed steppe to those plants that
persist in overgrazed indicates that local steppe landscapes were more
overgrazed during the Roman period (YHSS 2) than during other periods of
occupation (Figure 2d).
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The ultimate result of human settlement and land use in the Gordion region
was erosion on a regional scale. Two distinct periods of erosion are evident.
Initial human occupation of the region resulted in changes in regional forest
structure resulting from wood procurement (Marston 2009; Miller 2010) and
rapid sedimentation of upland streams, which was likely the result of
agricultural practices and animal husbandry in a previously unsettled landscape
(Marsh 2005; Marsh and Kealhofer 2014). The Sakarya River, however, shows
aggradation during a much later period, with most of its sedimentation dating to
the Middle Phrygian (YHSS 5) and later periods (Marsh 1999, 2005; Figure 2e).
Marsh and Kealhofer (2014:698) argue that this is likely due to the expansion of
Phrygian and Roman agricultural practices upstream, suggesting a much broader
landscape impact during these later periods of occupation.
Questions remain, however, concerning chains of cause and effect between
these variables. Why did farmers change agricultural strategies when they did?
What was the role of climate change versus human activity in causing regional
erosion? To what extent were population growth and changes in cultural
affiliation and economic networks causal forces in agricultural and environmental
change? A resilience perspective offers new insights into cross-scalar processes
and suggests a mechanism for environmental change at Gordion resulting from
a complex set of historically contingent social-ecological interactions.
Scale, Mismatches, and Thresholds
A resilience approach to this case study shifts our focus from simple inferred
causality based on chronological sequences of data to sustained attention on
scalar processes that underlie both social and environmental change. In
particular, varying scales of change between social pressures on landscapes
and environmental responses appear to be significant factors in determining the
resilience of agricultural landscapes and the economic systems built upon them
(Cumming et al. 2006; Redman and Kinzig 2003). When such variances in scale
have demonstrable negative effects on resilience in a system, they become scalar
mismatches (Cumming et al. 2006).
I illustrate two examples of mismatches from Gordion. The first is a mismatch
across temporal and spatial scales of population growth, herd mobility, grazing
intensity, grassland growth, and soil formation. The second is a spatial and
organizational mismatch between economic pressures imposed from without
and the decision-making processes of individual farmers. Ultimately, I argue that
both examples reveal thresholds (sensu Holling et al. 2002b) of environmental
and social resilience: moments at which small changes trigger large-scale
implications for people and landscapes, creating legacy effects for future
generations (Groffman et al. 2006; Walker and Meyers 2004).
Temporal and Spatial Mismatches in Grazing Systems
A temporal mismatch results from interactions between cycles of change
operating at different speeds. Whether these interactions result in significant
change and the formulation of new system attributes depends in part on the
degree to which the cycles of change are temporally disconnected and in part on
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the intensity of the interactions between these cycles. Evidence for scalar
mismatches has to date been identified much more often in contemporary case
studies than in archaeological cases, despite the attested importance of this
concept to understanding environmental and social change (Cumming et al.
2006; Redman 2005:71; Redman and Kinzig 2003:14).
Drawing on data from Figure 2, the Middle Phrygian period (YHSS 5) sees
a rapid and substantial increase in site size and, presumably, urban population.
There is contemporary evidence for overgrazing (Figure 2d) and the beginning of
regional erosion leading to alluviation of the Sakarya (Figure 2e). Conventional
archaeological analysis allows us to deduce that population pressure is the likely
cause of overgrazing, which can lead to erosion (as I have argued in prior work;
Marston 2012), but that does not explain the process by which this occurred and
why this particular phase of site growth led to substantial environmental change.
A focus on temporal and spatial scale illustrates the important mismatches
that ultimately led to regional erosion. I argue that it was not population growth
itself, but the speed of that growth, that was the ultimate causal agent. As the city
expanded rapidly, and rural populations remained large, there was both a rapid
need for more agricultural products to feed the city and less space in which to
produce that food. We see several indicators that herding strategies changed in
response. The relative frequency of cow and pig bones at Gordion, versus sheep
and goats, more than doubles from the Early to the Middle Phrygian period,
perhaps because those animals can be kept penned within the urban setting and
pigs are often fed on urban detritus (Miller et al. 2009). Sheep and goat herds
would have been pushed farther from the city and its adjacent agricultural
hinterland. We see evidence for less use of animal dung as fuel, suggesting it was
less available to city residents, along with an increase in the presence of
agricultural products and markers of overgrazed grassland in that dung,
indicating that nutritious grasses were less available close to the city (Figure 2d;
Miller and Marston 2012). The rapid increase in population and resulting
increase in local agriculture would have led to increased grazing pressure in the
remaining pasture lands close to the city, overwhelming local grassland
resources, and pushed mobile sheep and goat herds away from the city into
new areas, likely including hillslopes less suitable for agriculture. Preliminary
strontium isotope ratio data indicate that Middle Phrygian sheep and goats came
from geological regions more distinct than during the subsequent Persian period
when Gordion was a smaller city, suggesting greater spatial mobility (DiBattista
2014).
The mismatch between the speed of population expansion and changes in
herding strategies to become more spatially diversified had two effects. First,
local overgrazing significantly transformed the structure of local grassland
ecosystems, leaving grasslands in an impoverished state and diminishing their
adaptive capacity to provide effective forage for herds, forcing some animals
further afield and requiring the foddering of others with agricultural products.
Herd management strategies changed to increase the mix of locally kept cattle
and pigs over sheep and goats. But the ultimate, and presumably unforeseen,
outcome of this adaptation was that the sheep and goats pushed out of the
alluvial plains of the Sakarya and Porsuk Rivers moved into less stable soils on
594 MARSTON Vol. 35, No. 3
gypsum upland plateaus south and west of the city and wooded hillslopes to the
west and north, the areas least suitable for agriculture in the region. The presence
of large herds, which both remove ground cover and displace loose soil, in these
landscapes is the most likely cause for widespread regional erosion leading to the
alluviation of the Sakarya (Figure 2e), which explains the patterns of increased
geological variation seen in strontium signatures from Middle Phrygian sheep
and goat remains. The environmental effects of this unprecedentedly large
spatial scale of food production were distinct from the impact of earlier herding
systems, leading to regional environmental change.
Spatial and Organizational Mismatches in Agricultural Production
In the case above, a temporal mismatch expanded across a broad spatial scale
due to population pressures. Thus the ultimate causes for a suite of
environmental changes lay in the social realm: both in the factors that led to
rapid population growth and the lag in implementing effective adaptive
strategies before local grasslands were significantly altered. An example from
the subsequent Roman period at Gordion, however, illustrates a mechanism by
which political and economic forces produced spatial and organizational
mismatches, leading to the adoption of unsustainable agricultural practices that
diminished the resilience of local agricultural systems and increased social and
environmental vulnerability.
Regional surveys at Gordion indicate an increase in rural population during
the Roman period (Figure 2a), perhaps due to the protection of a Roman military
unit stationed at Gordion itself (Goldman 2007), which would have made living
outside the city walls a safer proposition. Coincident changes include a focus on
the cultivation of bread wheat, a relatively risky crop requiring good rainfall, at
the expense of a broader suite of agricultural products as seen during all earlier
periods (Marston and Miller 2014; Figure 2b). Measures of steppe health indicate
severe overgrazing during this period (Figure 2d), suggesting large sheep and/or
goat herds (although faunal data have not yet been published from Roman
levels). Crop specialization is risky (Marston 2011), as is keeping large herds that
primarily rely on pasture land (seen in a low proportion of agricultural products
in dung burned as fuel) (Marston and Miller 2014). Increased chances for crop
failure and accelerated erosion are likely outcomes; it is difficult to imagine that
farmers with generations of experience in the region would have been unaware
of these risks. So why would farmers and herders at Gordion adopt risky and
potentially unsustainable agricultural practices that might permanently alter
their landscape?
The answer appears to lie in spatial and organizational mismatches between
external economic pressures and local agricultural decision making. Extractive
taxation policies imposed by provincial governors during the Roman period
encouraged intensive farming of bread wheat, which was valued more highly by
tax collectors (Marston 2012:395; Mitchell 1993:149-158, 232-234). Wool, or woolen
goods, may have been another form of tax payment levied on local populations
(Mitchell 1993:146). The decision makers who dictated these taxes were spatially
divorced from the location of production, as they resided in the provincial capital
of Ankara or ultimately in Rome itself, as well as organizationally uninvolved in
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agricultural production. As a result, adaptive feedbacks between land-use
strategies and their environmental impacts that we observe operating in earlier
periods no longer informed production decisions. Such outcomes are predicted
by resilience thinking: when fixed rules for resource management take the place
of adaptive response to changing resource availability, and emphasize efficiency
of function rather than long-term existence of function, rapid changes in both
economy and environment are expected (Holling and Gunderson 2002:27-28).
Both fixed rules and an emphasis on efficiency are evident within Roman
taxation practices, and both are associated with nonlocal or extractive decision
making in general (cf. Ostrom 1990; Ramankutty 2001; Tainter 1995). When
external forces override local decision making that are based on accumulated
local environmental knowledge, traditional conservation practices may cease to
be implemented, exacerbating the degree of environmental change resulting from
agriculture (Berkes and Turner 2006; Cumming et al. 2013; Lepofsky and Kahn
2011; Turner and Berkes 2006).
Such a regimented economy, which demands specific products despite local
conditions, may lead to a “rigidity trap” in which static overconnectedness
within a system (here, within the regional economy) reduces adaptation and
innovation, and thus increases the probability that a subsequent change in the
system is catastrophic (Hegmon et al. 2008; Holling et al. 2002b). In this rigid,
externally controlled state, the agropastoral system of Gordion was increasingly
vulnerable to shocks from within and without the system, including natural
hazards (Berkes 2007; Nelson et al. 2012; Turner II 2010). In this vulnerable state,
it was easier to cross a stability threshold leading to local economic trans-
formation, perhaps the cause of the subsequent abandonment of Gordion in the
fourth century CE, during the height of Byzantine prosperity in Anatolia.
Thresholds of Stability
The mismatches identified above during both the growth of the Phrygian city
and the static extractive economy of the Roman period highlight stability
thresholds that have not been readily apparent in prior investigations at Gordion.
A threshold of soil stability was breached by Middle Phrygian agricultural
practices, as recorded in the alluvial history of the Sakarya River (Marsh 1999;
Figure 2e). This threshold is ecological in nature, as sufficient plant cover is
needed to retain soil on hillslopes and on dry upland plateaus, but its crossing is
the effect of the speed of change within a social system, that of the agropastoral
economy. A similarly rapid increase in land devoted to pasture without the
corresponding reduction of herd sizes in recent years has led to significant
environmental degradation in central Anatolia (Fırıncıog˘lu et al. 2007), and we
can envision a parallel regional process having occurred during the expansion of
the population and urban footprint of Phrygian Gordion. While the ecological
nature of this threshold has been discussed previously (Marsh 1999; Marsh and
Kealhofer 2014; Marston 2012), attention to the process of crossing that threshold
yields new insights into the linked social and environmental factors that led to
upland erosion at Gordion. In addition, climate change leading to increased
rainfall in Anatolia during the Roman period (Figure 2a), coupled with ongoing
regional deforestation (Marston and Miller 2014; Miller 2010), may have then
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exacerbated the erosion that began in the Middle Phrygian period, resulting in
increased aggradation of the Sakarya river from the first century BCE (Figure 2e).
A second threshold highlighted in considering Roman Gordion relates to the
impact of economic and political processes that limit the autonomy of farmers and
their ability to respond to changing local conditions. Within the social and
economic framework of the Phrygian kingdom, the increased population did not
trigger apparent social instability — we see an intensification and expansion of
agricultural practices, but one regulated at a local level, with farmers continuing to
use traditional agropastoral strategies. During the Roman period, however,
externally imposed parameters limited the ability of farmers to adapt to local
environmental conditions, resulting in a specialized and risky agricultural system
focusing on bread wheat (Figure 2c) and extensive animal grazing (Marston and
Miller 2014; Figure 2d). This mismatch in decision making reveals thresholds of
both environmental and socioeconomic stability. Taxes within the Roman Empire
were evidently sufficient to alter agricultural strategies significantly, leading
farmers to adopt rigid and ultimately unsustainable practices, as evidenced by
severe overgrazing and economic vulnerability that may potentially have
contributed to the abandonment of Gordion in the fourth century CE.
Awareness of thresholds also brings attention to the management of resilience
and the points of intervention at which stress can be reduced and resilience
increased (Walker et al. 2002). The causal processes that lead to thresholds being
crossed are not the only processes of interest; rather, those that serve to maintain
system resilience and prevent thresholds from being reached are equally worthy of
attention. Contemporary studies of system resilience often focus on quantifiable
indicators of sustainability that can be made more resilient to loss of system
function, e.g., in urban water distribution (Milman and Short 2008). From an
archaeological perspective, however, abrupt systemic change (often termed
“collapse”) is often easier to identify than continuity and adaptation.
Legacy Effects
Legacy effects provide a middle ground for consideration; less abrupt or far
reaching than a collapse, legacy effects are the long-term results of interactions
between social and environmental processes that result in altered conditions for
subsequent populations. At Gordion, two legacy effects are evident. The first is
the result of human wood procurement for both construction and fuel, which is
tied directly to agropastoral practices and the availability of dung fuel.
Transformation of local woodlands is evident in charcoal remains from the site;
the reduction in slow-growing juniper and its replacement with pine and oak
occurs early in the occupation history of the site prior to the large population
increases of the Phrygian period (Miller 2010). These results are suggestive of
broader changes in woodland cover that appear to have endured through the
present day. Today, large junipers are found only at a distance of 20 km from the
site (Marston 2009).
A second legacy effect is soil erosion, which takes place in two phases. First,
during early human settlement of the Gordion region (the Chalcolithic through
Middle Bronze Age, prior to 1600 BCE), anthropogenic landscape disturbance led
to highland erosion and stream aggradation (Marsh 2005; Marsh and Kealhofer
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2014). A second phase of erosion upstream of Gordion began in the Middle
Phrygian period, possibly exacerbated by increased rainfall during the Roman
period, and resulted in the aggradation of the Sakarya River (Marsh 1999; Marsh
and Kealhofer 2014). Both phases of erosion constrained the future choices of the
inhabitants of Gordion. Marsh and Kealhofer (2014) argue that early erosion was
of more fragile and easily transported hillslope sediments, constraining
subsequent agriculture to more durable plains sediments. The increased
sedimentation rate of the Sakarya River during later periods created significant
problems for inhabitants of the site, as the river began to erode city walls and
swamped much of the lower town, rendering that area uninhabitable following
the Roman period (Marsh 1999). Medieval residents and contemporary farmers
in the area have engaged with a landscape significantly transformed from that
encountered by the first inhabitants some 5000 years ago.
Conclusions and Future Directions
Through the well-documented case study of Gordion, I attempted to
demonstrate the utility of resilience thinking for elaborating how social and
environmental change affect the sustainability of agricultural systems. The
concepts of mismatches and thresholds provide an effective heuristic model to
explain processes of interaction between human actions and environmental
change that are not the result of simple cause and effect. Mismatches in temporal
scale have helped to explain cycles of deforestation and population movement in
the American Southwest (Peeples et al. 2006) and may prove useful for resolving
high-profile debates about the role of humans in environmental degradation and
social collapse, such as the ongoing argument regarding deforestation and
population decline on Easter Island (e.g., Diamond 2005; Hunt and Lipo 2010;
Mieth and Bork 2010). In particular, as temporal mismatches between population
growth, agriculture, and cycles of landscape renewal (e.g., grassland growth, soil
formation, forest succession) were the primary cause of human-induced
landscape change at Gordion, I suggest that closer study of rates of change
both in agricultural systems and local ecosystems can help us identify why
certain agricultural practices may have been sustainable in certain times and
places but not in others.
Spatial and organizational mismatches should prove to be useful concepts in
building causal explanations to assess the differential impacts of imperial and
colonial expansions on local agricultural practices, and to situate those case studies
in a diachronic, worldwide perspective (cf. Cumming 2011a). At Gordion, periods
of local autonomy and foreign imperial domination are evident. The least
sustainable agricultural system was adopted during the period of Roman foreign
control, but other periods of external political control resulted in sustainable
agricultural outcomes (e.g., Achaemenid Persian). This case highlights the wide
range of potential outcomes of imperial control due to the diverse array of complex
factors that play a role in agricultural decision making. Resilience thinking
suggests that the degree of environmental degradation resulting from extralocal
decision making will be influenced by the resilience of the local ecosystem to
agricultural practices, the nature of any taxation or tribute imposed, and the degree
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to which external control restricts local adaptive decision making. Exploring these
processes at different locations and scales throughout an empire should yield
important insights into imperial policies and the role of local ecosystems in
modulating the environmental and economic outcomes of those policies.
I believe that in addition to benefiting from the application of resilience
thinking, archaeologists can offer important new insights to resilience scholars
(cf. Redman et al. 2004; van der Leeuw and Redman 2002). Thresholds deserve
particular attention. Archaeologists have access to data that provide a uniquely
powerful ability to detect thresholds of social or ecological resilience in the past
because we can identify when abrupt transformations occurred and then explore
what factors contributed to those thresholds being crossed (van der Leeuw and
Aschan-Leygonie 2005). We also have the ability to work across spatial scales,
from the household to the hemisphere, and thus the ability to examine how
resilience concepts explain social and environmental change from the micro- to
the macro-scale (Cumming 2011b; Redman 2005). Resilience is employed to
explain global patterns of environmental and social change today, and
archaeologists should consider it on similarly broad scales in the past, despite
its limited application at regional scales to date (Redman and Kinzig 2003).
Geographically and culturally connected zones, such as central Anatolia or the
Basin of Mexico, would be particularly fruitful scales at which to work.
A resilience perspective on agricultural sustainability provides a framework
within which to integrate the past, present, and putative future of such regions,
and thus to draw on the past to help make more sustainable decisions for the
future.
Acknowledgments
This research has been supported by the US National Science Foundation (BCS-
0832125), the Council of American Overseas Research Centers, the American Philosophical
Society, and Boston University. I thank Gordion excavation director Mary M. Voigt and
Gordion project directors G. Kenneth Sams and C. Brian Rose for access to, and insights
into the interpretation of, the samples discussed here. Mary M. Voigt and Naomi F. Miller
provided helpful comments on earlier versions of this text. This article was greatly
improved based on recommendations from five anonymous reviewers and the editors of
the Journal.
References Cited
Allcock, S. L. 2013. Living with a Changing
Landscape: Holocene Climate Variability
and Socio-Evolutionary Trajectories, Central
Turkey. Unpublished Ph.D. Dissertation,
School of Geography, Earth and Environ-
mental Sciences, Plymouth University,
Plymouth, UK.
Anderies, J. M. and M. Hegmon. 2011. Robust-
ness and Resilience across Scales: Migration
and Resource Degradation in the Prehistoric
U.S. Southwest. Ecology and Society 16:22.
Arbuckle, B. S. 2012. Pastoralism, Provisioning,
and Power at Bronze Age Acemho¨yu¨k, Tur-
key. American Anthropologist 114(3):462–476.
Arbuckle, B. S., A. O¨ztan, and S. Gu¨lc¸ur. 2009.
The Evolution of Sheep and Goat Husband-
ry in Central Anatolia. Anthropozoologica
44:129–157.
Atalay, I. 1997. Tu¨rkiye Bo¨lgesel Cog˘rafyası.
I˙nkılap Kitabevi, I˙stanbul.
Bakker, J., D. Kaniewski, G. Verstraeten, V.
De Laet, and M. Waelkens. 2012. Numeri-
cally Derived Evidence for Late-Holocene
2015 JOURNAL OF ETHNOBIOLOGY 599
Climate Change and Its Impact on Human
Presence in the Southwest Taurus Moun-
tains, Turkey. The Holocene 22:425–438.
Bar-Yosef, O. and R. H. Meadow. 1995. The
Origins of Agriculture in the Near East. In
Last Hunters, First Farmers: New Perspectives
on the Prehistoric Transition to Agriculture,
edited by T. D. Price and A. B. Gebauer, pp.
39–94. School of American Research Press,
Santa Fe.
Barnosky, A. D., E. A. Hadly, J. Bascompte, E. L.
Berlow, J. H. Brown, M. Fortelius, W. M.
Getz, J. Harte, A. Hastings, P. A. Marquet,
N. D. Martinez, A. Mooers, P. Roopnarine,
G. Vermeij, J. W. Williams, R. Gillespie, J.
Kitzes, C. Marshall, N. Matzke, D. P. Min-
dell, E. Revilla, and A. B. Smith. 2012.
Approaching a State Shift in Earth’s Bio-
sphere. Nature 486:52–58.
Berkes, F. 2007. Understanding Uncertainty and
Reducing Vulnerability: Lessons from Resil-
ience Thinking. Natural Hazards 41:283–295.
Berkes, F. and N. Turner. 2006. Knowledge,
Learning and the Evolution of Conservation
Practice for Social-Ecological System Re-
silience. Human Ecology 34:479–494.
Brook, B. W., E. C. Ellis, M. P. Perring, A. W.
Mackay, and L. Blomqvist. 2013. Does the
Terrestrial Biosphere Have Planetary Tip-
ping Points? Trends in Ecology & Evolution
28:396–401.
Butzer, K. W. 1982. Archaeology as Human
Ecology: Methods and Theory for a Contextual
Approach. Cambridge University Press,
Cambridge.
Butzer, K. W. and G. H. Endfield. 2012. Critical
Perspectives on Historical Collapse. Proceed-
ings of the National Academy of Sciences
109:3628–3631.
Casana, J. 2014. A Landscape Context for
Paleoethnobotany: The Contribution of Ae-
rial and Satellite Remote Sensing. In Method
and Theory in Paleoethnobotany, edited by
J. M. Marston, J. d’Alpoim Guedes and
C. Warinner, pp. 315–335. University Press
of Colorado, Boulder.
Childe, V. G. 1934. New Light on the Most Ancient
East: The Oriental Prelude to European Pre-
history. Kegan Paul, London.
Clutton-Brock, J., ed. 1989. The Walking Larder:
Patterns of Domestication, Pastoralism, and
Predation. Unwin Hyman, London.
Colledge, S., J. Conolly, and S. Shennan. 2004.
Archaeobotanical Evidence for the Spread of
Farming in the Eastern Mediterranean.
Current Anthropology 45:S35–S58.
Cooke, C. W. 1931. Why the Mayan Cities of the
Peten District, Guatemala, Were Aban-
doned. Journal of the Washington Academy of
Sciences 21:283–287.
Cumming, G. S. 2011a. Spatial Resilience in Social-
Ecological Systems. Springer, Dordrecht.
Cumming, G. S. 2011b. Spatial Resilience: In-
tegrating Landscape Ecology, Resilience, and
Sustainability. Landscape Ecology 26:899–909.
Cumming, G. S., D. H. M. Cumming, and C. L.
Redman. 2006. Scale Mismatches in Social-
Ecological Systems: Causes, Consequences,
and Solutions. Ecology and Society 11:14.
Cumming, G. S., P. Olsson, F. S. Chapin III, and C.
S. Holling. 2013. Resilience, Experimentation,
and Scale Mismatches in Social-Ecological
Landscapes. Landscape Ecology 28:1139–1150.
Dean, J. R., M. D. Jones, M. J. Leng, H. J. Sloane,
C. N. Roberts, J. Woodbridge, G. E. A.
Swann, S. E. Metcalfe, W. J. Eastwood, and
H. Yig˘itbas¸ıog˘lu. 2013. Palaeo-Seasonality of
the Last Two Millennia Reconstructed from
the Oxygen Isotope Composition of Carbon-
ates and Diatom Silica from Nar Go¨lu¨,
Central Turkey. Quaternary Science Reviews
66:35–44.
Diamond, J. 2005. Collapse: How Societies Choose
to Fail or Succeed. Penguin Group, New York.
DiBattista, A. 2014. A Strontium Approach to
Changes in Pastoral Strategy at Gordion.
Unpublished BA thesis, Department of
Archaeology, Boston University, Boston.
Eastwood, W. J., M. J. Leng, N. Roberts, and B.
Davis. 2007. Holocene Climate Change in
the Eastern Mediterranean Region: A Com-
parison of Stable Isotope and Pollen Data
from Lake Go¨lhisar, Southwest Turkey.
Journal of Quaternary Science 22:327–341.
Fırıncıog˘lu, H. K., S. S. Seefeldt, and B. S¸ahin.
2007. The Effects of Long-Term Grazing
Exclosures on Range Plants in the Central
Anatolian Region of Turkey. Environmental
Management 39:326–337.
Fisher, C. T., J. B. Hill, and G. M. Feinman,
eds. 2009. The Archaeology of Environmental
Change: Socionatural Legacies of Degradation
and Resilience. University of Arizona Press,
Tucson.
Flannery, K. V., ed. 1986. Guila´ Naquitz: Archaic
Foraging and Early Agriculture in Oaxaca,
Mexico. Academic Press, Orlando.
Folke, C., S. Carpenter, B. Walker, M. Scheffer,
T. Elmqvist, L. Gunderson, and C. S.
Holling. 2004. Regime Shifts, Resilience,
and Biodiversity in Ecosystem Management.
600 MARSTON Vol. 35, No. 3
Annual Review of Ecology Evolution and
Systematics 35:557–581.
Folke, C., T. Hahn, P. Olsson, and J. Norberg.
2005. Adapative Governance of Social-
Ecological Systems. Annual Review of Envi-
ronment and Resources 30:441–473.
Ford, R. I. 1979. Paleoethnobotany in American
Archaeology. In Advances in Archaeological
Method and Theory, edited by M. B. Schiffer,
pp. 285–336. vol. 2. Academic Press, New
York.
Gallant, T. W. 1991. Risk and Survival in Ancient
Greece: Reconstructing the Rural Domestic
Economy. Stanford University Press, Palo
Alto.
Garnsey, P. 1999. Food and Society in Classical
Antiquity. Cambridge University Press,
Cambridge.
Goldman, A. L. 2007. From Phrygian Capital to
Rural Fort: New Evidence for the Roman
Military at Gordion, Turkey. Expedition 49:
6–12.
Groffman, P. M., J. S. Baron, T. Blett, A. J. Gold,
I. Goodman, L. H. Gunderson, B. M.
Levinson, M. A. Palmer, H. W. Paerl, G. D.
Peterson, N. L. Poff, D. W. Rejeski, J. F.
Reynolds, M. G. Turner, K. C. Weathers, and
J. Wiens. 2006. Ecological Thresholds: The
Key to Successful Environmental Manage-
ment or an Important Concept with No
Practical Application? Ecosystems 9:1–13.
Gunderson, L. H., C. R. Allen, and C. S. Holling,
eds. 2009. Foundations of Ecological Resilience.
Island Press, Washington.
Gunderson, L. H. and C. S. Holling, eds. 2002.
Panarchy: Understanding Transformations in
Human and Natural Systems. Island Press,
Washington, DC.
Hastorf, C. A. 1990. The Effect of the Inka State
on Sausa Agricultural Production and Crop
Consumption. American Antiquity 55:262–
290.
Hegmon, M., M. A. Peeples, A. P. Kinzig, S.
Kulow, C. M. Meegan, and M. C. Nelson.
2008. Social Transformation and Its Human
Costs in the Prehispanic U.S. Southwest.
American Anthropologist 110:313–324.
Helbaek, H. 1969. Palaeo-Ethnobotany. In Sci-
ence in Archaeology, edited by D. R. Brothwell
and E. Higgs. Thames and Hudson, London.
Hillman, G. C. 1981. Reconstructing Crop Hus-
bandry Practices from Charred Remains of
Crops. In Farming Practice in British Prehistory,
edited by R. J. Mercer, pp. 123–162. Edin-
burgh University Press, Edinburgh.
Holling, C. S. 1973. Resilience and Stability of
Ecological Systems. Annual Review of Ecology
Evolution and Systematics 4:1–23.
Holling, C. S. 2001. Understanding the Com-
plexity of Economic, Ecological, and Social
Systems. Ecosystems 4:390–405.
Holling, C. S. and L. H. Gunderson. 2002.
Resilience and Adaptive Cycles. In Panarchy:
Understanding Transformations in Human and
Natural Systems, edited by L. H. Gunderson
and C. S. Holling, pp. 25–62. Island Press,
Washington, DC.
Holling, C. S., L. H. Gunderson, and D. Ludwig.
2002a. In Quest of a Theory of Adaptive
Change. In Panarchy: Understanding Trans-
formations in Human and Natural Systems,
edited by L. H. Gunderson and C. S.
Holling, pp. 3–22. Island Press, Washington,
DC.
Holling, C. S., L. H. Gunderson, and G.
Peterson. 2002b. Sustainability and Panar-
chies. In Panarchy: Understanding Transfor-
mations in Human and Natural Systems,
edited by L. H. Gunderson and C. S.
Holling, pp. 63–102. Island Press, Washing-
ton, DC.
Hunn, E. 2007. Ethnobiology in Four Phases.
Journal of Ethnobiology 27:1–10.
Hunt, T. L. and C. P. Lipo. 2010. Ecological
Catastrophe, Collapse, and the Myth of
“Ecocide” on Rapa Nui (Easter Island). In
Questioning Collapse: Human Resilience, Eco-
logical Vulnerability, and the Aftermath of
Empire, edited by P. A. McAnany and N.
Yoffee, pp. 21–44. Cambridge University
Press, Cambridge.
Jackson, J. B. C., M. X. Kirby, W. H. Berger, K. A.
Bjorndal, L. W. Botsford, B. J. Bourque, R. H.
Bradbury, R. Cooke, J. Erlandson, J. A. Estes,
T. P. Hughes, S. Kidwell, C. B. Lange, H. S.
Lenihan, J. M. Pandolfi, C. H. Peterson, R. S.
Steneck, M. J. Tegner, and R. R. Warner.
2001. Historical Overfishing and the Recent
Collapse of Coastal Ecosystems. Science
293:629–638.
Jones, G., A. Bogaard, P. Halstead, M. Charles,
and H. Smith. 1999. Identifying the Intensity
of Crop Husbandry Practices on the Basis of
Weed Floras. Annual of the British School at
Athens 94:167–189.
Jones, M. D., C. N. Roberts, M. J. Leng, and M.
Tu¨rkes¸. 2006. A High-Resolution Late Holo-
cene Lake Isotope Record from Turkey and
Links to North Atlantic and Monsoon
Climate. Geology 34:361–364.
2015 JOURNAL OF ETHNOBIOLOGY 601
Kealhofer, L. 2005. Settlement and Land Use:
The Gordion Regional Survey. In The Ar-
chaeology of Midas and the Phrygians: Recent
Work at Gordion, edited by L. Kealhofer, pp.
137–148. University of Pennsylvania Muse-
um of Archaeology and Anthropology,
Philadelphia.
Kuzucuog˘lu, C., W. Do¨rfler, S. Kunesch, and F.
Goupille. 2011. Mid- to Late-Holocene Cli-
mate Change in Central Turkey: The Tecer
Lake Record. The Holocene 21:173–188.
Lepofsky, D., and J. Kahn. 2011. Cultivating an
Ecological and Social Balance: Elite De-
mands and Commoner Knowledge in An-
cient Ma’ohi Agriculture, Society Islands.
American Anthropologist 113:319–335.
Liu, J., T. Dietz, S. R. Carpenter, M. Alberti, C.
Folke, E. Moran, A. N. Pell, P. Deadman, T.
Kratz, J. Lubchenco, E. Ostrom, Z. Ouyang,
W. Provencher, C. L. Redman, S. H. Schnei-
der, and W. W. Taylor. 2007a. Complexity of
Coupled Human and Natural Systems.
Science 317:1513–1516.
Liu, J., T. Dietz, S. R. Carpenter, C. Folke, M.
Alberti, C. L. Redman, S. H. Schneider, E.
Ostrom, A. N. Pell, J. Lubchenco, W. W.
Taylor, Z. Ouyang, P. Deadman, T. Kratz,
and W. Provencher. 2007b. Coupled Human
and Natural Systems. AMBIO: A Journal of
the Human Environment 36:639–649.
Marsh, B. 1999. Alluvial Burial of Gordion, an
Iron-Age City in Anatolia. Journal of Field
Archaeology 26:163–175.
Marsh, B. 2005. Physical Geography, Land Use,
and Human Impact at Gordion. In The
Archaeology of Midas and the Phrygians: Recent
Work at Gordion, edited by L. Kealhofer, pp.
161–171. University of Pennsylvania Muse-
um of Archaeology and Anthropology,
Philadelphia.
Marsh, B. and L. Kealhofer. 2014. Scales of
Impact: Settlement History and Landscape
Change in the Gordion Region, Central
Anatolia. The Holocene 24:689–701.
Marston, J. M. 2009. Modeling Wood Acquisi-
tion Strategies from Archaeological Char-
coal Remains. Journal of Archaeological Science
36:2192–2200.
Marston, J. M. 2010. Evaluating Risk, Sustain-
ability, and Decision Making in Agricultural
and Land-Use Strategies at Ancient Gor-
dion. Unpublished Ph.D. Dissertation, In-
terdepartmental Graduate Program in Ar-
chaeology, University of California, Los
Angeles, CA.
Marston, J. M. 2011. Archaeological Markers of
Agricultural Risk Management. Journal of
Anthropological Archaeology 30:190–205.
Marston, J. M. 2012. Agricultural Strategies and
Political Economy in Ancient Anatolia.
American Journal of Archaeology 116:377–403.
Marston, J. M. 2014. Ratios and Simple Statistics
in Paleoethnobotanical Analysis: Data Ex-
ploration and Hypothesis Testing. In Method
and Theory in Paleoethnobotany, edited by
J. M. Marston, J. d’Alpoim Guedes and
C. Warinner, pp. 163–179. University Press
of Colorado, Boulder).
Marston, J. M. and N. F. Miller. 2014. Intensive
Agriculture and Land Use at Roman Gor-
dion, Central Turkey. Vegetation History and
Archaeobotany 23:761–773.
McAnany, P. A. and N. Yoffee, eds. 2010a.
Questioning Collapse: Human Resilience, Eco-
logical Vulnerability, and the Aftermath of
Empire. Cambridge University Press, Cam-
bridge.
McAnany, P. A. and N. Yoffee. 2010b. Why We
Question Collapse and Study Human Re-
silience, Ecological Vulnerability, and the
Aftermath of Empire. In Questioning Col-
lapse: Human Resilience, Ecological Vulnerabil-
ity, and the Aftermath of Empire, edited by
P. A. McAnany and N. Yoffee, pp. 1–17.
Cambridge University Press, Cambridge.
Menze, B. H. and J. A. Ur. 2012. Mapping
Patterns of Long-Term Settlement in North-
ern Mesopotamia at a Large Scale. Proceed-
ings of the National Academy of Sciences
109:E778–787.
Mieth, A. and H.-R. Bork. 2010. Humans,
Climate or Introduced Rats - Which is to
Blame for the Woodland Destruction on
Prehistoric Rapa Nui (Easter Island)? Journal
of Archaeological Science 37:417–426.
Miller, F., H. Osbahr, E. Boyd, F. Thomalla, S.
Bharwani, G. Ziervogel, B. Walker, J. Birk-
mann, S. van der Leeuw, J. Rockstro¨m, J.
Hinkel, T. Downing, C. Folke, and D.
Nelson. 2010. Resilience and Vulnerability:
Complementary or Conflicting Concepts?
Ecology and Society 15:11.
Miller, N. F. 2010. Botanical Aspects of Environ-
ment and Economy at Gordion, Turkey. Uni-
versity of Pennsylvania Museum of Archae-
ology and Anthropology, Philadelphia.
Miller, N. F., and J. M. Marston. 2012. Archae-
ological Fuel Remains as Indicators of
Ancient West Asian Agropastoral and
Land-Use Systems. Journal of Arid Environ-
ments 86:97–103.
602 MARSTON Vol. 35, No. 3
Miller, N. F., M. A. Zeder, and S. R. Arter. 2009.
From Food and Fuel to Farms and Flocks:
The Integration of Plant and Animal Re-
mains in the Study of the Agropastoral
Economy at Gordion, Turkey. Current An-
thropology 50:915–924.
Milman, A. and A. Short. 2008. Incorporating
Resilience into Sustainability Indicators: An
Example for the Urban Water Sector. Global
Environmental Change 18:758–767.
Mitchell, S. 1993. Anatolia: Land, Men, and Gods in
Asia Minor. Volume I: The Celts in Anatolia
and the Impact of Roman Rule. Clarendon
Press, Oxford.
Nelson, M. C., M. Hegmon, K. W. Kintigh, A. P.
Kinzig, B. A. Nelson, J. M. Anderies, D. A.
Abbott, K. A. Spielmann, S. E. Ingram, M. A.
Peeples, S. Kulow, C. A. Strawhacker, and
C. Meegan. 2012. Long-Term Vulnerability
and Resilience: Three Examples from Ar-
chaeological Study in the Southwestern
United States and Northern Mexico. In
Surviving Sudden Environmental Change: An-
swers from Archaeology, edited by J. Cooper
and P. Sheets. pp. 197–220. University Press
of Colorado, Boulder.
Ostrom, E. 1990. Governing the Commons: The
Evolution of Institutions for Collective Action.
Cambridge University Press, Cambridge.
Peeples, M. A., C. M. Barton, and S. Schmich.
2006. Resilience Lost: Intersecting Land Use
and Landscape Dynamics in the Prehistoric
Southwestern United States. Ecology and
Society 11:22.
Piperno, D. R. and D. M. Pearsall. 1998. The
Origins of Agriculture in the Lowland Neo-
tropics. Academic Press, San Diego.
Ramankutty, N. 2001. Common Property Insti-
tutions and Sustainable Governance of
Resources. World Development 29:1649–1672.
Redman, C. L. 1999. Human Impact on Ancient
Environments. University of Arizona Press,
Tucson.
Redman, C. L. 2005. Resilience Theory in Ar-
chaeology. American Anthropologist 107:70–
77.
Redman, C. L., J. M. Grove, and L. H. Kuby.
2004. Integrating Social Science into the
Long-Term Ecological Research (LTER) Net-
work: Social Dimensions of Ecological
Change and Ecological Dimensions of Social
Change. Ecosystems 7:161–171.
Redman, C. L., and A. P. Kinzig. 2003. Resilience
of Past Landscapes: Resilience Theory,
Society, and the Longue Duree. Conservation
Ecology 7:14.
Redman, C. L., M. C. Nelson, and A. P. Kinzig.
2009. The Resilience of Socioecological
Landscapes: Lessons from the Hohokam.
In The Archaeology of Environmental Change:
Socionatural Legacies of Degradation and Re-
silience, edited by C. T. Fisher, J. B. Hill, and
G. M. Feinman, pp. 15–39. University of
Arizona Press, Tucson.
Reitz, E. J. and E. S. Wing. 2008. Zooarchaeology.
2nd ed. Cambridge University Press, Cam-
bridge.
Renfrew, J. M. 1973. Palaeoethnobotany: The Pre-
historic Food Plants of the Near East and
Europe. Columbia University Press, New
York.
Riehl, S. 2009. Archaeobotanical Evidence
for the Interrelationship of Agricultural
Decision-Making and Climate Change in
the Ancient Near East. Quaternary Interna-
tional 197:93–114.
Riehl, S., K. E. Pustovoytov, H. Weippert, S.
Klett, and F. Hole. 2014. Drought Stress
Variability in Ancient Near Eastern Agricul-
tural Systems Evidenced by d13C in Barley
Grain. Proceedings of the National Academy of
Sciences 111:12348–12353.
Roberts, N., D. Brayshaw, C. Kuzucuog˘lu, R.
Perez, and L. Sadori. 2011a. The Mid-
Holocene Climatic Transition in the Medi-
terranean: Causes and Consequences. The
Holocene 21:3–13.
Roberts, N., W. J. Eastwood, C. Kuzucuog˘lu, G.
Fiorentino, and V. Caracuta. 2011b. Climatic,
Vegetation and Cultural Change in the
Eastern Mediterranean During the Mid-
Holocene Environmental Transition. The
Holocene 21:147–162.
Rockstrom, J., W. Steffen, K. Noone, A˚. Persson,
F. S. Chapin III, E. F. Lambin, T. M. Lenton,
M. Scheffer, C. Folke, H. J. Schellnhuber, B.
Nykvist, C. A. de Wit, T. Hughes, S. van der
Leeuw, H. Rodhe, S. So¨rlin, P. K. Snyder, R.
Costanza, U. Svedin, M. Falkenmark, L.
Karlberg, R. W. Corell, V. J. Fabry, J.
Hansen, B. Walker, D. Liverman, K. Rich-
ardson, P. Crutzen, and J. A. Foley. 2009. A
Safe Operating Space for Humanity. Nature
461:472–475.
Roller, L. E. 2011. Phrygian and the Phrygians.
In The Oxford Handbook of Ancient Anatolia
(10,000-323 BCE), edited by S. Steadman and
G. McMahon, pp. 560–578. Oxford Univer-
sity Press, Oxford.
Rose, C. B. and G. Darbyshire, eds. 2011.
The New Chronology of Iron Age Gordion.
University of Pennsylvania Museum of
2015 JOURNAL OF ETHNOBIOLOGY 603
Archaeology and Anthropology, Philadel-
phia.
Rosen, A. M. 2007. Civilizing Climate: Social
Responses to Climate Change in the Ancient
Near East. Altamira Press, Lanham.
Rosen, A. M. and I. Rivera-Collazo. 2012.
Climate Change, Adaptive Cycles, and the
Persistence of Foraging Economies During
the Late Pleistocene/Holocene Transition in
the Levant. Proceedings of the National Acad-
emy of Sciences 109:3640–3645.
Scheffer, M. 2009. Critical Transitions in Nature
and Society. Princeton University Press,
Princeton.
Scheffer, M. and S. R. Carpenter. 2003. Cata-
strophic Regime Shifts in Ecosystems: Link-
ing Theory to Observation. Trends in Ecology
& Evolution 18:648–656.
Smith, A. and N. F. Miller. 2009. Integrating
Plant and Animal Data: Delving Deeper into
Subsistence. Current Anthropology 50:883–
884.
Smith, M. L. 2006. How Ancient Agriculturalists
Managed Yield Fluctuations through Crop
Selection and Reliance on Wild Plants: An
Example from Central India. Economic Bot-
any 60:39–48.
T.C. Meteoroloji Genel Mu¨du¨rlu¨g˘u¨. 2013. Yıllık
Toplam Yag˘ıs¸ Verileri (Annual Total Pre-




Tainter, J. A. 1977. Modeling Change in Pre-
historic Social Systems. In For Theory Build-
ing in Archaeology: Essays on Faunal Remains,
Aquatic Resources, Spatial Analysis, and Sys-
temic Modeling, edited by L. R. Binford, pp.
327–351. Academic Press, New York.
Tainter, J. A. 1988. The Collapse of Complex Societies.
Cambridge University Press, Cambridge.
Tainter, J. A. 1995. Sustainability of Complex
Societies. Futures 27:397–407.
Tainter, J. A. 2006. Archaeology of Overshoot
and Collapse. Annual Review of Anthropology
35:59–74.
Turner II, B. L. 2010. Vulnerability and Resil-
ience: Coalescing or Paralleling Approaches
for Sustainability Science? Global Environ-
mental Change 20:570–576.
Turner, N. and F. Berkes. 2006. Developing
Resource Management and Conservation.
Human Ecology 34:475–478.
Ucko, P. J. and G. W. Dimbleby, eds.1969. The
Domestication and Exploitation of Plants and
Animals. Aldine, Chicago.
van der Leeuw, S. E. and C. Aschan-Leygonie.
2005. A Long-Term Perspective on Resil-
ience in Socio-Natural Systems. In Micro
Meso Macro: Addressing Complex Systems
Couplings, edited by H. Liljenstro¨m and U.
Svedin, pp. 227–264. World Scientific Pub-
lishing Co., River Edge, NJ.
van der Leeuw, S. E., and C. L. Redman. 2002.
Placing Archaeology at the Center of Socio-
Natural Studies. American Antiquity 67:597–
605.
van der Veen, M. 1992. Crop Husbandry Regimes:
An Archaeobotanical Study of Farming in
Northern England, 1000 BC–AD 500. Sheffield
Archaeological Monographs 3. Department
of Archaeology and Prehistory, University
of Sheffield, Sheffield.
van der Veen, M. 2007. Formation Processes of
Desiccated and Carbonized Plant Remains -
the Identification of Routine Practice. Journal
of Archaeological Science 34:968–990.
van Zeist, W and W. A. Casparie, eds. 1984.
Plants and Ancient Man: Studies in Palaeoeth-
nobotany. A.A. Balkema, Rotterdam.
van Zeist, W, K. Wasylikowa, and K.-E. Behre,
eds. 1991. Progress in Old World Palaeoethno-
botany. A.A. Balkema, Rotterdam.
VanDerwarker, A. M. 2010. Simple Measures for
Integrating Plant and Animal Remains. In
Integrating Zooarchaeology and Paleoethno-
botany: A Consideration of Issues, Methods,
and Cases, edited by A. M. VanDerwarker
and T. M. Peres, pp. 65–74. Springer, Berlin.
VanDerwarker, A. M. and T. M. Peres, eds. 2010.
Integrating Zooarchaeology and Paleoeth-
nobotany: A Consideration of Issues, Methods,
and Cases. Springer, Berlin.
Voigt, M. M. 1994. Excavations at Gordion 1988-
89: The Yassıho¨yu¨k Stratigraphic Sequence.
In Anatolian Iron Ages 3: Proceedings of the
Third Anatolian Iron Ages Colloquium Held at
Van, 6-12 August 1990, edited by A. C¸ilingi-
rog˘lu and D. French, pp. 265–293. British
Institute of Archaeology at Ankara, Ankara.
Voigt, M. M. 2002. Gordion: The Rise and Fall of
an Iron Age Capital. In Across the Anatolian
Plateau: Readings in the Archaeology of Ancient
Turkey, edited by D. C. Hopkins, pp.
187–196. The Annual of the American
Schools of Oriental Research. American
Schools of Oriental Research, Boston.
Voigt, M. M. 2011. Gordion: The Changing
Political and Economic Roles of a First
Millennium City. In The Oxford Handbook of
Ancient Anatolia (10,000-323 BCE), edited by
604 MARSTON Vol. 35, No. 3
S. Steadman and G. McMahon, pp. 1069–
1094. Oxford University Press, Oxford.
Walker, B., S. R. Carpenter, J. M. Anderies, N.
Abel, G. S. Cumming, M. Janssen, L. Lebel, J.
Norberg, G. D. Peterson, and R. Pritchard.
2002. Resilience Management in Social-Eco-
logical Systems: A Working Hypothesis for
a Participatory Approach. Conservation Ecol-
ogy 6:17.
Walker, B., S. R. Carpenter, J. Rockstro¨m, A.-S.
Cre´pin, and G. D. Peterson. 2012. Drivers,
"Slow" Variables, "Fast" Variables, Shocks,
and Resilience. Ecology and Society 17:30.
Walker, B. and J. A. Meyers. 2004. Thresholds in
Ecological and Social-Ecological Systems: A
Developing Database. Ecology and Society
9:16.
Walker, B. and D. Salt. 2006. Resilience Thinking:
Sustaining Ecosystems and People in a Changing
World. Island Press, Washington, DC.
Weiss, H., M.-A. Courty, W. Wetterstrom, F.
Guichard, L. Senior, R. Meadow, and A.
Curnow. 1993. The Genesis and Collapse of
Third Millennium North Mesopotamian
Civilization. Science 261:995–1004.
Westley, F., P. Olsson, C. Folke, T. Homer-
Dixon, H. Vredenburg, D. Loorbach, J.
Thompson, M. Nilsson, E. Lambin, J. Sen-
dzimir, B. Banerjee, V. Galaz, and S. van der
Leeuw. 2011. Tipping toward Sustainability:
Emerging Pathways of Transformation.
AMBIO: A Journal of the Human Environment
40:762–780.
Wick, L., G. Lemcke, and M. Sturm. 2003.
Evidence of Lateglacial and Holocene Cli-
matic Change and Human Impact in Eastern
Anatolia: High-Resolution Pollen, Charcoal,
Isotopic and Geochemical Records from the
Laminated Sediments of Lake Van, Turkey.
The Holocene 13:665–675.
Woodbridge, J. and N. Roberts. 2011. Late
Holocene Climate of the Eastern Mediterra-
nean Inferred from Diatom Analysis of
Annually-Laminated Lake Sediments. Qua-
ternary Science Reviews 30:3381–3392.
Zeder, M. A. 1991. Feeding Cities: Specialized
Animal Economy in the Ancient Near East.
Smithsonian Institution Press, Washington.
Zeder, M. A., and S. R. Arter. 1994. Changing
Patterns of Animal Utilization at Ancient
Gordion. Pale´orient 22:105–118.
Zhang, P., H. Cheng, R. L. Edwards, F. Chen, Y.
Wang, X. Yang, J. Liu, M. Tan, X. Wang, J.
Liu, C. An, Z. Dai, J. Zhou, D. Zhang, J. Jia,
L. Jin, and K. R. Johnson. 2008. A Test of
Climate, Sun, and Culture Relationships
from an 1810-Year Chinese Cave Record.
Science 322:940–942.
Zohary, M. 1973. Geobotanical Foundations of the
Middle East. G. Fischer, Stuttgart.
2015 JOURNAL OF ETHNOBIOLOGY 605
